Influence of Freeze-Drying and Irradiation on Mechanical Properties of Human Cancellous Bone: Application to Impaction Bone Grafting by Olivier Cornu
Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)
Interested in publishing with us? 
Contact book.department@intechopen.com
Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com
Open access books available
Countries delivered to Contributors from top 500 universities
International  authors and editors
Our authors are among the
most cited scientists
Downloads
We are IntechOpen,
the world’s leading publisher of
Open Access books
Built by scientists, for scientists
12.2%
122,000 135M
TOP 1%154
4,800
3 
Influence of Freeze-Drying and Irradiation on 
Mechanical Properties of Human Cancellous 
Bone: Application to Impaction Bone Grafting 
Olivier Cornu 
Orthopaedic and Trauma Department, Cliniques Universitaires St-Luc, 
Université Catholique de Louvain, Brussels,  
Belgium 
1. Introduction 
The use of a solid bone graft to restore bone stock and insure implant stability in hip 
revision surgery was introduced by Harris et al. (1). Better results have been obtained on 
the femoral site than on the acetabulum where high failure rate has been reported at ten 
years (2-7). Progressively, a new technique for restoring the acetabulum emerged with the 
concept of bone impaction which was introduced by Slooff et al. and later extended to the 
femur by Ling et al. (8-9). The technique consists in impacting bone chips with a phantom 
into the contained femoral or acetabular defect to produce a layer of tightly impacted 
bone where an implant shall be inserted with the cement being pressurized into the graft 
during cementation. Clinical results of impaction bone grafting techniques were largely 
improved with re-revision rates comparable to those observed after primary arthroplasty 
(10-12). Acetabular reconstructions were described as requiring between one and three 
femoral heads (12) and femoral impactions two or more, based on the preoperative bone 
loss (13-14).  
As bone impaction became a recognised modality for bone reconstruction, the demand for 
bone allograft sharply increased. Consequently, an existing shortfall in the supply of banked 
bone was predicted to increase (15-16). As the impaction technique had been set up with 
frozen material, most bone banks were facing difficulties to provide frozen femoral heads 
(17). The increase in the number of hip arthroplasties did not mirror a concurrent increase in 
banked femoral heads. Indeed, the rate of rejection remained high (16) whereas the formal 6-
month visit to get out the quarantine was difficult to obtained.  
Concerns were raised about the possibility of an occult pathology into a femoral head, 
which could not have been identified through careful history and when different authors 
reported an incidence of 5 to 8% (18-19). Bacterial contamination rate reported with cadaver 
bone harvesting was another concern that limited supply from another source of fresh 
frozen bone (20).  
Bone processing which allows a complete removal of bone marrow and cell debris from the 
bone and the machining of the material represented a potential solution to overcome these 
problems. However, no study had been reported comparing the mechanical stability of a 
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femur and acetabulum restored with either impacted frozen bone morsels or freeze-dried 
ones. The bone marrow content was considered to be important for the graft stickiness 
which influenced the biological and mechanical properties in impaction bone grafting (21). 
Although each separate step of the bone process did not appear to influence the bone 
strength (22-27), surgeons reported that freeze-dried bone was brittle and hence, unsuitable 
for being fixed and trimmed during surgery (28). However, the cumulative effects of every 
applied treatment were known to impact the mechanical properties of the musculo-skeletal 
tissue (29-30). 
This chapter will cover the influences of various parameters (bone processing, freeze-drying, 
irradiation, processing sequence and temperature during irradiation) on the mechanical 
properties of cancellous bone. Mechanical damage due to irradiation will be related to 
damage of the collagen protein. Benefits of defatting, freeze-drying and irradiation in terms 
of osteoconductivity and tissue safety will be further discussed. 
Application of processed freeze-dried irradiated bone to impaction bone grafting technique 
will be considered. The embrittlement theory and the influence of particle sizes will be 
presented to explain how processed bone is suitable to meet the mechanical demand of hip 
revision surgery. Results will be discussed and compared in more realistic surgical 
situations by observing implant stability after frozen or freeze-dried irradiated bone 
impaction. Finally, bone graft remodelling will be discussed. 
2. Influence of various parameters on cancellous bone: Bone processing, 
freeze-drying, irradiation, processing sequence and temperature during 
irradiation 
2.1 Mechanical effects of drying, freeze-drying and defatting 
The effect of drying and rewetting on the mechanical properties of cortical bone was 
thought to be negligible because changes of the mechanical properties were very limited and 
considered as insignificant (31). Prolonged storage of bone in frozen state or in ethanol 
solution did not change the bone stiffness of trabecular bone, and neither did several 
thawing and refreezing sequences (32). Defatting combined with dehydration made the 
bone stiffer and brittle (32). The importance of re-hydration of a bone that has been dried 
was further emphasized by Conrad et al., as non rehydrated dried bones appeared to be 
both stronger and stiffer than their rehydrated counterparts (33). After 24 hours rehydration, 
freeze-dried grafts compared with frozen grafts showed no significant difference in mean 
compressive strength. An average gain of 40 % of the compressive strength and stiffness 
was recovered after one-hour rehydration in vacuo. The same observation was done by 
Bright and Burchardt on cortical bone (23). Complete restorations of the mechanical 
parameters after rehydration were also reported by Pelker et al. and Thoren et al. (24, 27). 
These authors did not find a significant difference in the compressive strength of freeze-
dried rehydrated bone compared with normal bone in a rat vertebral model (24) and did not 
observe difference in the biomechanical properties of rehydrated bone after lipid extraction 
with chloroform methanol (27).  
In our experiments, defatting and freeze-drying caused just a slight reduction in the 
ultimate compressive strength and stiffness but did not affect the work to failure, due to a 
higher ductility (34). In contrast to the observations of Bright and Burstein and Conrad et al. 
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works (33, 35) who noted that 24h were required for regaining the natural mechanical 
properties of the bone, a short 30-minute period of rehydration was enough to make bone 
more resilient. 
Slight influence of physical or chemical defatting of cancellous bone grafts was recently 
confirmed (36-37). Other authors investigated biomechanical properties of the cortical and 
trabecular bone after high pressure lavage. Young's modulus and ultimate strength did not 
decrease after exposure to 300 MPa. After pressure treatment at 600 MPa, Young's modulus 
and ultimate strength respectively remained almost unchanged in trabecular bone and were 
reduced about 15% in cortical bone (38). 
2.2 Mechanical effects of irradiation and sequences of freeze-drying and irradiation 
2.2.1 Irradiation of a frozen bone 
Gamma irradiation at a dose of 25 kGy has no apparent detrimental effect on cancellous 
bone strength. The mean values obtained in our experiments were within the range of 
values commonly observed for human bone that has been exposed to as high as 50 kGy (39). 
Anderson et al. reported earlier a 60% reduction of compressive strength and modulus for 
doses at or above 60 kGy (40). Their data were in agreement with our observations that 
processed frozen irradiated bone under dry ice did not show any detrimental effect after a 
30 kGy irradiation. 
2.2.2 Irradiation at room temperature of a freeze-dried bone 
However at a 25 kGy dose at room temperature, alteration in the mechanical properties of 
cortical bone in compression occurred in the plastic modulus whereas the elastic domain 
remained unchanged. The capacity to absorb work before failure was also decreased in a 
dose-dependent manner (41-42). Similarly torque resistance of the frozen bone was greatly 
impaired with gamma-irradiation at a dose of 25kGy (43).  
Our data for freeze-dried irradiated at room temperature cancellous bone are similar to the 
observation from Currey et al. and Hamer et al. (34, 41-42). The quantification of the post 
yield parameters showed that irradiation of freeze-dried cancellous bone at 25 kGy and at 
room temperature mainly reduced the capacity for energy absorption by shrinking the post-
yield strain. Whether bone brittleness was due to irradiation on freeze-dried bone alone or 
temperature during irradiation or to a synergetic effect of the freeze-drying-irradiation 
process could not be yet assessed. Therefore, an inverted sequence of the freeze-drying-
irradiation process and irradiation under dry ice was also examined.  
2.2.3 Sequence of order and irradiation under dry ice 
Performing freeze-drying either before or after irradiation under dry ice decreased the 
ultimate stress from 30% and the work to failure from 40% and impaired the results 
obtained with irradiation or freeze-drying separately. Stiffness was more preserved when 
freeze-drying preceded irradiation. The plastic domain of the strain-stress curve was more 
adversely affected by the usual freeze-drying-irradiation at room temperature sequence. 
Performing freeze-drying after irradiation allowed strain preservation but work to failure 
was decreased due to the stiffness and stress drops (Figure 1).  
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Compressive mechanical properties of cancellous bone are not influenced by irradiation under dry ice 
and supported moderate changes with freeze-drying. Negative synergetic effects of combined freeze-
drying-irradiation processes are observed whatever the temperature during irradiation cycle. 
Irradiation cycle was performed within 3h00 at a 25 kGy dose rate. The curves were drawn 
proportionally to the observed mean values. 
Fig. 1. Comparison of typical stress-strain curves. Strain-stress curves observed after freeze-
drying, irradiation and sequence of both at two different temperatures. 
Negative cumulative effect of freeze-drying and irradiation was already noted by Bright et 
al. and Triantafyllou et al. on cortical bone (25, 44). Preserving freeze-dried graft under dry ice 
during irradiation limited the damage compare to the same sequence at room temperature. 
These observations were consistent with the report of Hamer et al. (45), who found that 
cortical bone irradiated at –78°C was less brittle and had less collagen damage than when 
irradiated at room temperature.  
2.3 Irradiation and collagen 
Bright and Burchardt considered that a bone that has been freeze-dried and irradiated 
resembled to bone from old patient in term of mechanics. They thought that alterations were 
due to changes in the bone collagen cross-linking (23). Significant decrease in 
hydroxypyridinium cross-link density was reported after irradiation of bone tendon bone 
patellar allograft with significant correlation of dose dependant reduction of modulus 
properties (46). It was further suggested that gamma radiation might have less effect on the 
collagen structure in older bone because there were fewer reductible cross-links than in 
younger one (47).  
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Adding glucose, which in theory can initiate cross-link formation in collagen during 
exposure to gamma-irradiation, allowed collagen films containing glucose to have 
significantly greater mechanical properties and resistance to enzymatic degradation 
compared with controls. Nevertheless, gel electrophoresis showed that glucose did not 
prevent peptide fragmentation and therefore, the higher strength and stability in glucose-
incorporated collagen films might be due to glucose-derived cross-links (48). Thiourea has 
been selected as a free radical scavenger and demonstrated a positive effect on the fracture 
energy of thiourea treated-irradiated bones than those of the irradiated bones. Irradiated 
specimens did not exhibit a noteworthy amount of intact alpha-chains whereas those 
irradiated in the presence of thiourea demonstrated intact alpha-chains. The damage 
occurred through the cleavage of the collagen backbone (49).  
Drózdz et al. found a significant decrease in total collagen content resulting from the 
reduction of salt-soluble and acid-soluble collagen fractions (50). He estimated that an 
increased content of insoluble collagen fraction may confirm the opinion about stimulative 
gamma-rays influence upon cross-links formation. His observations were confirmed by 
Nguyen et al. who reported that irradiation caused release of free radicals resulting from 
radiolysis of water molecules and inducing cross-linking reactions in collagen molecules in 
wet specimens and split polypeptide chains (51). This hypothesis of the damaged first-order 
structure of the collagen macromolecule was also supported by Marzec et al. (52).  
Differences in the mechanical behaviour after the different freeze-drying-irradiation-
temperature sequences may be explained by the variation in active oxygen free radicals 
formation due to ionizing radiation. Free radicals are obtained by water radiolyis and their 
ability to move and interact with the material may be impaired when this one is frozen (53). 
The increased damages observed in absence of free water in pre-dried specimen may be due 
to direct damages to the proteins by irradiation, suggesting a higher sensitivity of freeze-
dried proteins to irradiation than hydrated ones. This is supported by the observation of 
better osteoinductive properties of demineralised powder when irradiated in the hydrated 
frozen state (54). Collagen degradation by irradiation may account for the accelerate graft 
remodelling (54-55).  
The good compressive mechanical performance of processed frozen irradiated cancellous 
bone shall be considered cautiously in regard with potential collagen damage. The 
impairment of the mechanical function of gamma radiation sterilized cortical allografts is 
even worse in fatigue and may increase the risk of fracture (47, 49, 56).  
2.4 Osteoconductivity of defatted bone 
Extraction of lipids from cancellous bone before implantation increased the ingrowth of cells 
from the host enhancing the osteoconductivity of the bone (57). In this situation, the graft 
provided the template to guide the repairing tissue. Along with the increased new bone 
formation, there was a concomitant decrease of the grafted bone that led to a net increase of 
new bone when bone was defatted before implantation (27). This means that the grafted 
bone is progressively removed as a result of osteoclastic action and new bone from the host 
is deposited into the graft. This process of bone removal and new bone deposited has been 
called creeping-substitution. The amount of unresorbed graft remnant was higher in the 
unprocessed bone grafts than in the washed ones whether or not subsequently irradiated 
(58). This observation is consistent with an accelerate bone remodelling after irradiation.  
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Another argument for defatting the bone before implantation is that the removal of fat will 
avoid the peroxidation of lipids during radiation sterilisation as reported by Moreau et al 
(59). They further demonstrated that peroxidated lipids had a cytotoxic effect on cultured 
cells. Peroxidation of marrow fat was further incriminated in increasing apoptosis of 
osteoblasts and decreasing activity of osteoclasts when they were cultured onto irradiated 
bone slices (51). Finally, when processing was not performed in an aseptic manner, bacterial 
by-products can persist after irradiation and induce inflammatory bone resorption following 
macrophage activation (51). 
2.5 Tissue safety: Freeze-drying, irradiation and processing 
2.5.1 Freeze-drying 
Lyophilisation of tissues is usually performed without cryoprotective agent and 
consequently there is no cell survival in a freeze-dried tissue. The finding that only 
recipients of frozen bone from an infected seronegative donor contracted human 
immunodeficiency virus has led to speculation that freeze-drying may render a retroviral-
infected tissue non infectious. However, it has been demonstrated in a feline-leukemia-virus 
infected allograft model that freeze-drying did not inactivate retrovirus (60).  
2.5.2 Irradiation 
While Campbell et al. firstly reported retrovirus inactivation with a standard 25 kGy dose in 
a HTLV-IIIB virus infected cortical allograft model (61), he pointed out that the virus was a 
relatively radio-resistant organism, a property common to most viruses. This irradiation 
resistance was recognized by many authors who estimated that irradiation at 25 kGy did not 
appear to be effective enough for HIV virus (62-64). Campbell et al. noted that an irradiation 
dose required to inactivate the HIV bioburden in allograft bone should be 35 kGy and the 
irradiation dose required to achieve a sterility assurance level of 10-6 was 89 kGy (65). If 
irradiation is applied to a frozen hydrated specimen, it may be beneficial from a mechanical 
and biological point of view, but sterilizing effect may be lowered. It has been shown that 
HIV inactivation was decreased when irradiation was performed at low temperature on 
frozen plasma (66).  
The radiosensitivity of hepatitis viruses is higher and clinical data suggest that hepatitis C-
contaminated tissues did not transmit the virus after irradiation (67, 68). While high 
inactivation rate have been achieved with 50 kGy doses in virus infected bone allografts 
model (69, 70), it is actually concluded that gamma irradiation should be disregarded as a 
significant isolated virus inactivation method for bone allografts.  
Prions are strongly resistant to radiation (71- 72) and therefore irradiation is unable to 
inactivate this pathogenic agent.  
A standard 25 kGy irradiation is appropriate for bacterial sterilisation when a bio-burden 
control or a process validation have been performed. We have reported 7 to 9 logarithms 
bacterial reductions after 25 kGy irradiation of highly contaminated cancellous bone blocks 
(73). Analysis of Clostridium sordellii inactivation kinetics indicated that a 16 log10 
reduction was obtained after 50 kGy (70). Contamination during bone preparation shall be 
strongly limited to allow sterility assurance level. 
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2.5.3 Processing 
Processes based on multiple steps of inactivating treatments offer a cumulative effect and a 
striking reduction of the risk of disease transmission. Steps may be chosen on their ability to 
specifically inactivate pathogenic agents. Pulse lavage decontaminates tissue from bacterial 
microorganisms with one decimal reduction (74-75), while virus elimination was also 
reported after mechanical lavage of bone (76). Demineralization process inactivated infectious 
retrovirus in infected cortical bone, thereby preventing disease transmission (76-77). 
Detergents are able to remote or inactivate coated viruses (78), while sodium hydroxide and 
sodium hypochlorite are effective against transmissible spongiform encephalopathy agent 
(79). Hydrogen peroxide produces free radicals and is effective against viruses and bacteria. 
Hydrogen peroxide and prion inactivating steps adopted in our bank (two steps out of 
twelve) have been validated with five representative or inactivating-agent-resistant viruses 
in a cancellous bone blocks model. Cumulative seven logarithm reductions have been 
obtained for all tested viruses. Similar viral inactivation rates were obtained with a multiple 
step process by Fages et al. (80). 
No bacterial growth were observed after each step of the chemical process developed by our 
bank, while largely contaminated bone blocks with pathogenic, sporulated and environment 
resistant microorganisms were processed (73).  
3. Mechanical consideration in impaction bone grafting 
3.1 Changes in stiffness and compactness during impaction 
3.1.1 Embrittlement theory 
Freeze-drying and irradiation at room temperature make cancellous bone brittle. How can a 
softer material give a stiffer reconstruction? In our experiments, freeze-dried irradiated bone 
appeared to get impacted faster than the frozen control whatever the particle size (81-83). 
During an impaction bone grafting procedure, the stress is applied at such high speed that 
the flow of liquids may play an important role (84) and the replacement of bone marrow by 
saline in the processed bone may accelerate the grafts compaction (85). The faster reduction 
in height observed in our second experiments with the processed allografts series (defatted, 
defatted and freeze-dried, defatted and freeze-dried irradiated) might account for a rapid 
expulsion of liquid but stiffness and bone density increased faster and to a higher value in 
the irradiated group (82). The embrittlement due to the freeze-drying-irradiation sequence 
might enhance the compaction rate while the higher ductility of the freeze-dried but non 
irradiated bone reduced brittleness and might account for the lower compaction, stiffness 
and density obtained with this material.  
Freeze-dried irradiated large particles were stiffer after 30 impactions than any other 
morsels. Nevertheless, these series showed a reduction of their stiffness for higher impaction 
rate and tended to the same stiffness as freeze dried small particles. Under significant 
loading, these trabeculae might fail with a fracture that loosened the particle interlock. Such 
loosening explains the stiffness reduction of the large freeze-dried and irradiated particles. 
This was supported by the loss of height and the final density of these series which are 
comparable to those from small freeze-dried particles. Structurally damaged cancellous 
bone is known to have a much lower elastic modulus (86). The preservation of the plastic 
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mechanical properties as well as the presence of bone marrow in the frozen series may 
encounter of the lower compactness (85, 87-89) and the absence of collapsing in our models. 
The theory of bone embrittlement was further supported as compaction was faster when the 
grafts were morselised twice. 
The mechanical properties of cancellous bone have been shown to be related to its apparent 
density, which depends on the porosity (90). Impacting freeze-dried irradiated bone created 
a layer that had a higher density and therefore a higher modulus, throughout the 
relationship between density and material properties cannot be fully applied to morselised 
bone, as the graft no longer has structural continuity (91). 
3.1.2 Particle size influence 
Particles sizing may also influence mechanical strength. For optimum shear strength, 
particles aggregate requires a mix of sizes represented by a logarithmic curve (92). While, 
none of the bone mills will produce an ideal profile, the particle size profile is larger when 
bigger particles are produced. In the clinical setting, an increase in the range size of particles 
has been obtained by putting bone through two different sizes of graters or passing some of 
the large graft morsels through the same mill twice.  
3.1.2.1 The interlocking effect 
Experimentally, we noted that preparation of well graded graft through a 1 mm beater mill 
(Retsch Cross beater mill SK100, Retsch GmbH, Haan, Germany) produced grafting material 
that was almost fluid. In our femoral model, these frozen particles did perform differently 
from those obtained with a rongeur, but not from those obtained with the Noviomagus bone 
mill. In the acetabular model, the particles were mechanically inferior in compaction and 
shear. These millimetric particles obtained from the Retsch mill was comparable to a fine 
powder, and filled a lower volume when placed in the impactor and showed higher density 
after few impactions but stiffness did not increase comparatively and remained lower than 
those from centimetric large particles. As suggested by authors, fresh frozen large particles 
got a higher stiffness than smaller morsels during impaction (92-95). This was due to the 
small size of the bone chips that did not allow an interlocking effect (96). The internal 
porosity of each morsel allowed deformation and causes them to interlock with each other 
during impaction (93).  
This was coherent with our observation of an improved shear resistance of large particles. In 
our hands, acetabular reconstruction with ring reinforcement has been performed without 
significant complication when large particles obtained with a rongeur were used while some 
hardware failures have been observed with smaller morsels obtained with small rasps bone 
mills. These clinical observations found their explanation in the lower shear properties of 
the small particles. 
3.1.2.2 The role of fluids  
From the soil mechanic theory, it is known that the mechanical strength of a mixture is 
reduced when too much fluid is present with no drainage possibility, similarly to quicksand 
(97). The release of excessive fat and marrow that is captured in the closed system may 
prevent the compactive effort (87). The recoil of smaller bone chips was also significantly 
higher and increased after impaction with higher force than those from larger chips (95, 98). 
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This might explain why clinicians recommended larger particles rather than slurry (99). The 
advantage of large morsels on small ones might be tight to the preservation of a trabecular 
structure and to fat and marrow retention in the interstices (96).  
Removing excessive and lubricating fluid of the graft material improved overall graft 
strength (100-101). While reducing the water content alone had some influence on 
properties, reducing the fat content improved both the static and dynamic behaviour (102). 
Processing bone particles with solvents, freeze-drying and irradiation improved the 
compaction properties and the shear strength of the reconstruction. The improvement in 
strength was due to an increase in the friction angle and a tighter graft compaction 
secondary to marrow tissue removal. Washed particles might have little lubrification at the 
contacts with other particles and therefore friction resistance was increased (103). On the 
other hand, graft stickiness was advocated to increase interparticulate cohesion (104). The 
combination of human bone marrow stromal cells with washed allograft to produce a living 
composite, offered a biological and mechanical advantage over the current gold standard of 
allograft alone and provided a higher shear strength when compared with allograft alone 
(105). 
Improved results observed with freeze-dried irradiated bone may also be related to an 
incomplete rehydration. Stickiness between freeze-dried irradiated bone morsels and the 
impactor was observed during our experiments. Conrad et al found that rehydration could 
last for longer than one day (33). Impacted freeze-dried irradiated grafts could increase the 
interlocking effect by increasing their water content. In our study on femoral implant 
stability in a hip simulator, we observed that implant pull-out was extremely difficult in 
reconstruction with freeze-dried material compared with frozen one after 1 million cycles 
and did not result in a shear separation of the graft layers.  
3.2 Implant stability 
When the initial stability of femoral stem is compared in hip simulator models, cemented 
hip prosthesis stability within a normal medullar canal was higher than stability of femoral 
revision with impaction bone grafting (106). More subsidence was found in revision with 
the impaction technique than with a primary prosthesis (107). In our hip simulator model, a 
stable reconstruction was achieved with freeze-dried irradiated bone as filling material for 
impaction bone grafting (108). The stability was even greater than with frozen morsels and 
compared favourably with stability of primary stem cementation in the same model (109). 
Taylor considered that the initial mechanical demand was met when the graft was as strong 
as the endofemoral cancellous bone in a primary prosthesis (110).  
The low subsidence registered in our study was about the same as that reported by 
Karrholm et al. in a clinical study of revisions with impaction technique and non polished 
stem (85). As in our experimental observation, a considerable amount of migration occurred 
during the first week after surgery, giving evidence of graft compaction due to patient 
activity (111). In the clinical cases, the lowest migration registered by radiostereometry was 
reported by a group who used a mechanical defatting method of the bone (85, 112). The 
importance of graft compaction has clearly a strong logical appeal and the lack of sufficient 
compaction is considered as the most likely explanation for substantial migration in clinical 
situation (85, 113-114). 
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If implant stability is the first goal, the impaction procedure must be done with energy until 
the impactors cannot be further driven into the bone (73, 115). This vigorous procedure 
exposes to fracture that remains one of the major complications of the impaction technique 
(72, 116-117). Three to five times fewer hammer shocks were needed to impact the freeze-
dried irradiated bone correctly, and less energy was needed to compact the material due to 
its loss of ductility, reducing the risk of per-operative fracture. In our experiments, femoral 
fracture was associated with a higher subsidence and inducible displacement, which might 
further increase the risk of loosening. Recently, an innovative vibration-assisted bone-graft 
compaction system has been tested to reduce peak loads transmitted to the femoral cortex 
during graft compaction and prevent the risk of intra-operative fracture (118). 
3.3 Impacted graft remodelling 
Ling pointed out that the initial stability ensures later stability during the remodeling (119). 
Slooff et al. considered that morselised and impacted graft should be as resistant as a cortical 
graft and would remodel like a cancellous graft without transient mechanical weakening 
(120). The concept relies on the cancellous impacted grafts maintaining its volume during 
remodeling and not being resorbed.  
The remodeling of cancellous graft includes a direct new bone deposition along the 
trabecula whereas resorption proceeds lately within the inner part of the trabecula with no 
net volume change (21, 23). The morselised and impacted graft is a porous structure and 
ingrowth of vessels was firstly thought not be impaired (121). In humans, biopsies often 
revealed mixed areas of living bone and non vital graft (122-127). Remodeled areas were 
mainly found in load bearing zones (128).  
Tagil and Aspenberg demonstrated that impaction slowed down the remodeling (129). They 
noted that impaction reduced amounts of fat and marrow cells in the compacted graft which 
support the idea that the squeezing out of the bone marrow from bone will limit the 
availability of immunogenic cells and the immunogenicity of the impacted bone (72). This is 
consistent with the benefit of chemical lipid extraction reported in the same model (27). 
Removal of bone marrow from cancellous bone reduced the immunogenicity as bone 
marrow cells carry a wider range of transplantation antigens than osteocytes (91, 130).  
New living bone is always limited in impacted bone and will appear only in revascularised 
area, leaving other areas with either non revascularisation or with only a fibrous 
recolonisation. Tagil and Aspenberg demonstrated that the mechanical properties of an 
impacted graft were enhanced by coexistence of fibrous tissue that embedded the particles 
(131). Nevertheless, Schimmel et al. demonstrated in a goat model that, when remodeling 
was completed and the interface revascularised, a fibrous membrane developed around the 
cement and the implant became loose (132). This implies that remodeling is not always 
beneficial and be hazardous for prosthesis longevity. Therefore, mechanical stability is 
probably more important and essential (133).  
4. References 
[1] Harris WH, Crothers O, Oh I. Total hip replacement and femoral-head bone-grafting for 
severe acetabular deficiency in adults. J Bone Joint Surg Am. 1977; 59:752-9. 
www.intechopen.com
Influence of Freeze-Drying and Irradiation 
on Mechanical Properties of Human Cancellous Bone: Application to Impaction Bone Grafting 
 
51 
[2] Pak JH, Paprosky WG, Jablonsky WS, Lawrence JM. Femoral strut allografts in 
cementless revision total hip arthroplasty. Clin Orthop Relat Res. 1993; 295:172-8. 
[3] Head WC, Wagner RA, Emerson RH Jr, Malinin TI. Revision total hip arthroplasty in the 
deficient femur with a proximal load-bearing prosthesis. Clin Orthop Relat Res. 
1994; 298:119-26. 
[4] Gross AE, Hutchison CR. Proximal femoral allografts for reconstruction of bone stock in 
revision hip arthroplasty. Orthopedics. 1998; 21:999-1001. 
[5] Kwong LM, Jasty M, Harris WH. High failure rate of bulk femoral head allografts in 
total hip acetabular reconstructions at 10 years. J Arthroplasty. 1993; 8:341-6. 
[6]  Jasty M, Harris WH. Salvage total hip reconstruction in patients with major acetabular 
bone deficiency using structural femoral head allografts. J Bone Joint Surg Br. 1990; 
72:63-7. 
[7] Shinar AA, Harris WH. Bulk structural autogenous grafts and allografts for 
reconstruction of the acetabulum in total hip arthroplasty. Sixteen-year-average 
follow-up. J Bone Joint Surg Am. 1997; 79:159-68. 
[8] Slooff TJ, Huiskes R, van Horn J, Lemmens AJ. Bone grafting in total hip replacement for 
acetabular protrusion. Acta Orthop Scand. 1984; 55:593-6. 
[9] Gie GA, Linder L, Ling RS, Simon JP, Slooff TJ, Timperley AJ. Impacted cancellous 
allografts and cement for revision total hip arthroplasty. J Bone Joint Surg Br. 1993; 
75:14-21. 
[10] Slooff TJ, Buma P, Schreurs BW, Schimmel JW, Huiskes R, Gardeniers J. Acetabular and 
femoral reconstruction with impacted graft and cement. Clin Orthop Relat Res. 
1996; 324:108-15. 
[11] Ling RS. Cemented revision for femoral failure. Orthopedics. 1996; 19:763-4. 
[12] Schreurs BW, Slooff TJ, Buma P, Gardeniers JW, Huiskes R. Acetabular reconstruction 
with impacted morsellised cancellous bone graft and cement. A 10- to 15-year 
follow-up of 60 revision arthroplasties. J Bone Joint Surg Br. 1998; 80:391-5. 
[13] Timperley AJ, Kenny P, Gie GA. Impaction bone grafting on the femoral side. In : Ch 
Delloye and G Bannister (Eds). Impaction Bone grafting in revision arthroplasty. 
Marcel Dekker, New York, 2004; 23:323-348. 
[14] Henman P, Finlayson D. Ordering allograft by weight: suggestions for the efficient use 
of frozen bone-graft for impaction grafting. J Arthroplasty. 2000; 15:368-71. 
[15] Michaud RJ, Drabu KJ. Bone allograft banking in the United Kingdom. J Bone Joint Surg 
Br. 1994; 76:350-1.  
[16] Galea G, Kopman D, Graham BJ. Supply and demand of bone allograft for revision hip 
surgery in Scotland. J Bone Joint Surg Br. 1998; 80:595-9. 
[17] Norman-Taylor FH, Villar RN. Bone allograft: a cause for concern? J Bone Joint Surg Br. 
1997; 79:178-80. 
[18] Hart N, Campbell ED, Kartub MG. Bone banking. A cost effective method for 
establishing a community hospital bone bank. Clin Orthop Relat Res 1986; 206:295-
300. 
[19] Palmer SH, Gibbons CL, Athanasou NA. The pathology of bone allograft. J Bone Joint 
Surg Br. 1999; 81:333-5. 
www.intechopen.com
 
Bone Grafting 
 
52
[20] Deijkers RL, Bloem RM, Petit PL, Brand R, Vehmeyer SB, Veen MR. Contamination of 
bone allografts: analysis of incidence and predisposing factors. J Bone Joint Surg Br. 
1997; 7 9:161-6. 
[21] Boyce T, Edwards J, Scarborough N. Allograft bone. The influence of processing on 
safety and performance. Orthop Clin North Am. 1999; 30:571-81. 
[22] Jinno T, Miric A, Feighan J, Kirk SK, Davy DT, Stevenson S. The effects of processing 
and low dose irradiation on cortical bone grafts. Clin Orthop Relat Res. 2000; 
375:275-85. 
[23] Bright R, Burchardt H. The biomechanical properties of preserved bone grafts. In: 
Friedlaender G, Mankin H, Sell K (eds). Osteochondral allografts. Boston: Little 
Brown, 1983: 241-247. 
[24] Pelker R, Friedlaender GE, Markham TC. Biomechanical properties of bone allografts. 
Clin Orthop Relat Res. 1983; 174:54-7. 
[25] Conrad EU, Ericksen DP, Tencer AF, Strong DM, Mackenzie AP. The effects of freeze-
drying and rehydration on cancellous bone. Clin Orthop Relat Res. 1993; 290:279-
84. 
[26] Vehmeijer S, Bloem RM. The procurement, processing and preservation of allograft 
bone. In : Ch Delloye and G Bannister (Eds). Impaction bone grafting in revision 
arthroplasty. Marcel Dekker, New York, 2004; 3:23-32. 
[27] Thoren K, Aspenberg P, Thorngren KG. Lipid extracted bank bone. Bone conductive 
and mechanical properties. Clin Orthop Relat Res. 1995; 311:232-46. 
[28] Triantafyllou N, Sotiropoulos E, Trantafyllou JN. The mechanical properties of the 
lyophilized and irradiated bone grafts. Acta Orthop Belg 1975; 41(S1): 35-44. 
[29] Haut RC, Powlison AC, Rutherford GW, Kateley JR. Order of irradiation and 
lyophilization on the strength of patellar tendon allografts. Trans Orthop Res Soc 
1989; 14:514. 
[30] Smith CW, Young IS, Kearney JN. Mechanical properties of tendons: changes with 
sterilization and preservation. J Biomech Eng. 1996; 118:56-61. 
[31] Currey JD. The effects of drying and re-wetting on some mechanical properties of 
cortical bone.  J Biomech. 1988; 21:439-41.  
[32] Linde F, Sorensen HC. The effect of different storage methods on the mechanical 
properties of trabecular bone. J Biomech. 1993; 26:1249-52. 
[33]  Conrad EU, Ericksen DP, Tencer AF, Strong DM, Mackenzie AP. The effects of freeze-
drying and rehydration on cancellous bone. Clin Orthop Relat Res. 1993; 290:279-
84. 
[34] Cornu O, Banse X, Docquier PL, Luyckx S, Delloye C. Effect of freeze-drying and 
gamma irradiation on the mechanical properties of human cancellous bone. J 
Orthop Res. 2000; 18:426-31. 
[35]  Bright RW, Burstein AH. Material properties of preserved cortical bone. Transact 
Orthop Res Soc 1978; 3:210. 
[36]  Vastel L, Meunier A, Siney H, Sedel L, Courpied JP. Effect of different sterilization 
processing methods on the mechanical properties of human cancellous bone 
allografts. Biomaterials. 2004; 25:2105-10. 
www.intechopen.com
Influence of Freeze-Drying and Irradiation 
on Mechanical Properties of Human Cancellous Bone: Application to Impaction Bone Grafting 
 
53 
[37]  Vastel L, Masse C, Crozier E, Padilla F, Laugier P, Mitton D, Bardonnet R, Courpied JP. 
Effects of gamma irradiation on mechanical properties of defatted trabecular bone 
allografts assessed by speed-of-sound measurement.  Cell Tissue Bank. 2007; 8:205-10. 
[38]  Steinhauser E, Diehl P, Hadaller M, Schauwecker J, Busch R, Gradinger R, Mittelmeier 
W. Biomechanical investigation of the effect of high hydrostatic pressure treatment 
on the mechanical properties of human bone. J Biomed Mater Res B Appl Biomater. 
2006; 76:130-5.  
[39]  Tosello A. Optimal conditions of gamma type irradiation for inactivating HIV in bone 
fragments. Consequences in biomechanical resistance of the bone tissue. Chirurgie. 
1994; 120:104-6.  
[40] Anderson M, Keyak J, Skinner H. Compressive mechanical properties of human 
cancellous bone after gamma irradiation. J Bone Joint Surg Am. 1992; 74:747-752. 
[41]  Hamer AJ, Strachan JR, Black MM, Ibbotson CJ, Stockley I, Elson RA. Biochemical 
properties of cortical allograft bone using a new method of bone strength 
measurement. A comparison of fresh, fresh-frozen and irradiated bone. J Bone Joint 
Surg Br. 1996; 78:363-8.  
[42]  Currey JD, Foreman J, Laketić I, Mitchell J, Pegg DE, Reilly GC. Effects of ionizing 
radiation on the mechanical properties of human bone. J Orthop Res. 1997; 15:111-7.  
[43]  Godette GA, Kopta JA, Egle DM. Biomechanical effects of gamma irradiation on fresh 
frozen allografts in vivo. Orthopedics. 1996; 19:649-53.  
[44]  Bright RW, Gamble VM, Smarsh JD. Effects of sterilizing irradiation on human bone. In 
Karatzas P and Triantafyllou N (Eds). Tissue grafts in reconstructive surgery. Greek 
atomic energy commission, Athens, Greece, 1981; 196-201. 
[45]  Hamer AJ, Stockley I, Elson RA. Changes in allograft bone irradiated at different 
temperatures. J Bone Joint Surg Br. 1999; 81:342-4.  
[46]  Salehpour A, Butler DL, Proch FS, Schwartz HE, Feder SM, Doxey CM, Ratcliffe A. 
Dose-dependent response of gamma irradiation on mechanical properties and 
related biochemical composition of goat bone-patellar tendon-bone allografts. J 
Orthop Res. 1995; 13:898-906.  
[47]  Mitchell EJ, Stawarz AM, Kayacan R, Rimnac CM. The effect of gamma radiation 
sterilization on the fatigue crack propagation resistance of human cortical bone. J 
Bone Joint Surg Am. 2004; 86:2648-57.  
[48]  Ohan MP, Dunn MG. Glucose stabilizes collagen sterilized with gamma irradiation. J 
Biomed Mater Res  2003; 67:1188-95.  
[49]  Akkus O, Belaney RM, Das P. Free radical scavenging alleviates the biomechanical 
impairment of gamma radiation sterilized bone tissue. J Orthop Res. 2005; 23:838-45. 
[50]  Drozdz M, Piwowarczyk B, Olczyk K. Effects of ionizing radiation on the content of 
total collagen and its fractions and the activity of collagenolytic enzymes in rat 
tissues. Med Pr. 1981; 32:317-22. 
[51]  Nguyen H, Morgan DA, Forwood MR. Sterilization of allograft bone: effects of gamma 
irradiation on allograft biology and biomechanics. Cell Tissue Bank. 2007; 8:93-105.  
[52]  Marzec E. Temperature variation of the relaxation time of alpha-dispersion for gamma-
irradiated collagen. Int J Biol Macromol. 1995; 17:3-6.  
www.intechopen.com
 
Bone Grafting 
 
54
[53]  Grieb TA, Forng RY, Stafford RE, Lin J, Almeida J, Bogdansky S, Ronholdt C, Drohan 
WN, Burgess WH. Effective use of optimized, high dose gamma irradiation for 
pathogen inactivation of human bone allografts. Biomaterials 2005; 26:2033-2042. 
[54]  Dziedzic-Goclawska A, Ostrowski K, Stachowicz W, Michalik J, Grzesik W. Effect of 
radiation sterilization on the osteoinductive properties and the rate of remodeling 
of bone implants preserved by lyophilization and deep-freezing.  Clin Orthop Relat 
Res 1991; 272:30-37. 
[55]  Toritsuka Y, Shino K, Horibe S, Nakamura N, Matsumoto N, Ochi TJ. Effect of freeze-
drying or gamma-irradiation on remodeling of tendon allograft in a rat model. J 
Orthop Res. 1997; 15:294-300.  
[56]  Wheeler DL, Enneking WF. Allograft bone decreases in strength in vivo over time. Clin 
Orthop Relat Res. 2005; 435:36-42. 
[57]  Aspenberg P, Thorén K. Lipid extraction enhances bank bone incorporation. An 
experiment in rabbits. Acta Orthop Scand. 1990; 61:546-8.  
[58]  Hannink G, Schreurs BW, Buma P. Irradiation has no effect on the incorporation of 
impacted morselized bone: a bone chamber study in goats. Acta Orthop Scand 
2007; 78:31-8. 
[59]  Moreau MF, Gallois Y, Basle MF, Chappard D. Gamma irradiation of human bone 
allografts alters medullary lipids and releases toxic compounds for osteoblast-like 
cells. Biomaterials 2000; 21:369-376. 
[60]  Crawford MJ, Swenson CL, Arnoczky SP, O'Shea J, Ross H. Lyophilization does not 
inactivate infectious retrovirus in systemically infected bone and tendon allografts. 
Am J Sports Med. 2004; 32:580-6.  
[61] Campbell DG, Li P, Stephenson AJ, Oakeshott RD. Sterilization of HIV by gamma 
irradiation. A bone allograft model. Int Orthop. 1994; 18:172-6.  
[62] Conway B, Tomford W, Mankin HJ, Hirsch MS, Schooley RT. Radiosensitivity of HIV-1. 
Potential application to sterilization of bone allografts. AIDS 1991; 5:608-609. 
[63] Hernigou P, Marce D, Juliéron A, Marinello G, Dormont D. Stérilisation osseuse par 
irradiation et virus VIH. Rev Chir Orthop 1993; 79:445-451. 
[64] Fideler B, Vangness T, Moore T, Li Z, Rasheed S. Effects of gamma irradiation on the 
human immunodeficiency virus. A study in frozen human bone-patellar ligament-
bone grafts obtained from infected cadavera. J Bone Joint Surg Am. 1994; 76:1032-
1035. 
[65] Campbell DG, Li P. Sterilization of HIV with irradiation: relevance to infected bone 
allografts. Aust N Z J Surg. 1999; 69:517-21.  
[66] Hiemstra H, Tersmette M, Vos AH, Over J,Van Berkel MP, De Bree H. Inactivation of 
human immunodeficiency virus by gamma irradiation and its effects on plasma 
and coagulation factors. Transfusion 1991; 31:32-39. 
[67] Conrad EU, Gretch DR, Obermeyer KR, Moogk MS, Sayers M, Wilson JJ, Strong DM. 
Transmission of the hepatitis-C virus by tissue transplantation. J Bone Joint Surg 
Am. 1995; 77:214-24. 
[68] Pruss A, Kao M, Gohs U, Koscielny J, von Versen R, Pauli G. Effect of gamma 
irradiation on human cortical bone transplants contaminated with enveloped and 
non-enveloped viruses. Biologicals. 2002; 30:125-33. 
www.intechopen.com
Influence of Freeze-Drying and Irradiation 
on Mechanical Properties of Human Cancellous Bone: Application to Impaction Bone Grafting 
 
55 
[69] Simonds RJ, Holmberg SD, Hurwitz RL, Coleman TR, Bottenfield S, Conley LJ, 
Kohlenberg SH, Castro KG, Dahan BA, Schable CA, et al. Transmission of human 
immunodeficiency virus type 1 from a seronegative organ and tissue donor. N Engl 
J Med. 1992; 326:726-32. 
[70] Grieb TA, Forng RY, Bogdansky S, Ronholdt C, Parks B, Drohan WN, Burgess WH, Lin 
J. High-dose gamma irradiation for soft tissue allografts: High margin of safety 
with biomechanical integrity. J Orthop Res. 2006; 24:1011-8.  
[71] . Dormont D. Creutzfeldt-Jakob disease and transplantation: facts and fables. 
Transplant Proc. 1996; 28:2931-3. 
[72] Forsell J. Irradiation of musculoskeletal tissues. In: Tomford W (ed.) Musculoskeletal 
tissue banking. New-York: Raven, 1993: 149-180. 
[73]  M. Anastasescou, O. Cornu, Ch. Delloye, J. Gigi . Contamination rate and logarithmic 
reduction of bacteria by processing of freeze-dried cancellous bone. 3d congress of 
the European Federation of National Associations of Orthopaedics and 
Traumatology (EFORT), 6th annual meeting of EAMST, Barcelona, Spain, 23 April 
1997. 
[74] Anglen J, Apostoles PS, Christensen G, Gainor B, Lane J. Removal of surface bacteria by 
irrigation. J Orthop Res. 1996; 14:251-4. 
[75] Salmela PM, Hirn MY, Vuento RE. The real contamination of femoral head allografts 
washed with pulse lavage. Acta Orthop Scand. 2002; 73:317-20. 
[76] Scarborough NL, White EM, Hughes JV, Manrique AJ, Poser JW. Allograft safety: viral 
inactivation with bone demineralization. Contemp Orthop. 1995; 31:257-61.  
[77] Swenson CL, Arnoczky SP. Demineralization for inactivation of infectious retrovirus in 
systemically infected cortical bone: in vitro and in vivo experimental studies. J Bone 
Joint Surg Am. 2003; 85:323-32  
[78] Feinstone SM, Mihalik KB, Kamimura T, Alter HJ, London WT, Purcell RH. Inactivation 
of hepatitis B virus and non-A, non-B hepatitis by chloroform. Infect Immun. 1983; 
41:816-21. 
[79] World Health Organization. Report of a WHO consultation on public health issues 
related to animal and human spongiform encephalopathies. 
WHO/CDS/VPH/92.104, 1992. 
[80] Fages J, Poirier B, Barbier Y, Frayssinet P, Joffret ML, Majewski W, Bonel G, Larzul D. 
Viral inactivation of human bone tissue using supercritical fluid extraction. ASAIO 
J. 1998; 44:289-93. 
[81] Cornu O, Bavadekar A, Godts B, Van Tomme J, Delloye C, Banse X. Impaction bone 
grafting with freeze-dried irradiated bone. Part II. Changes in stiffness and 
compactness of morselized grafts: experiments in cadavers. Acta Orthop Scand. 
2003; 74:553-8. 
[82] Cornu O, Libouton X, Naets B, Godts B, Van Tomme J, Delloye C, Banse X. Freeze-dried 
irradiated bone brittleness improves compactness in an impaction bone grafting 
model. Acta Orthop Scand. 2004; 75:309-14. 
[83] Cornu O, Manil O, Godts B, Naets B, Van Tomme J, Delloye C, Banse X. Neck fracture 
femoral heads for impaction bone grafting: evolution of stiffness and compactness 
www.intechopen.com
 
Bone Grafting 
 
56
during impaction of osteoarthrotic and neck-fracture femoral heads. Acta Orthop 
Scand. 2004; 75:303-8. 
[84] Carter DR, Hayes WC. The compressive behaviour of bone as a two-phase porous 
structure. J Bone Joint Surg Am. 1977; 59:954-962. 
[85] Karrholm J, Hultmark P, Carlsson L, Malchau H. Subsidence of a non-polished stem in 
revisions of the hip using impaction allograft. Evaluation with radiostereometry 
and dual-energy X-ray absorptiometry. J Bone Joint Surg Br. 1999; 81:135-42. 
[86] Keaveny TM, Wachtel EF, Guo XE, Hayes WC. Mechanical behavior of damaged 
trabecular bone. J Biomech 1994; 27:1309-1318. 
[87] Dunlop DG, Brewster NT, Madabhushi SP, Usmani AS, Pankaj P, Howie CR. 
Techniques to improve the shear strength of impacted bone graft: the effect of 
particle size and washing of the graft. J Bone Joint Surg Am. 2003; 85:639-46. 
[88] Höstner J, Hultmark P, Kärrholm J, Malchau H, Tveit M. Impaction technique and graft 
treatment in revisions of the femoral component : laboratory studies and clinical 
validation. J Arthroplasty 2001; 16:76-82. 
[89] Ullmark G. Bigger size and defatting of bone chips will increase cup stability. Arch 
Orthop Trauma Surg 2000; 120:445-447. 
[90] Carter DR, Spengler DM. Mechanical properties and composition of cortical bone. Clin 
Orthop Relat Res 1978; 135:192-217. 
[91] Davy DT. Biomechanical issues in bone transplantation. Orthop Clin North Am 1999; 
30:553-563. 
[92] Brewster NT, Gillespie WJ, Howie CR, Madabhushi SP, Usmani AS, Fairbairn DR. 
Mechanical considerations in impaction bone grafting. J Bone Joint Surg Br 1999; 
81:118-124. 
[93] Brodt MD, Swan CC, Brown TD. Mechanical behaviour of human morselized 
cancellous bone in triaxial compression testing. J Orthop Res 1998; 16:43-49. 
[94] Giesen EB, Lamerigts NM, Verdonschot N, Buma P, Schreurs BW, Huiskes R. 
Mechanical characteristics of impacted morsellised bone grafts used in revision of 
total hip arthroplasty. J Bone Joint Surg  Br 1999; 81:1052-1057. 
[95] Ullmark G, Nilsson O. Impacted corticocancellous allografts : recoil and strength. J 
Arthroplasty 1999; 14:1019-1023. 
[96] Dunlop DG. Mechanical and biological aspects of impaction bone grafting in revision 
surgery and the use of a new synthetic bone graft. Thesis, University of Edinburgh, 
Edinburgh, 2001. 
[97] Degoutte G, Royet P. Aide mémoire de mécanique des sols. Publications de l’ENGREF, 
Aix en Provence, France, 2005. 
[98] Kuiper JH, Richardson J. Stability of impaction-grafted hip and knee prostheses: 
Surgical technique, implant design and graft compaction. In : Ch Delloye and G 
Bannister (Eds). Impaction bone grafting in revision arthroplasty. Marcel Dekker, 
New York, 2004; 7:75-94. 
[99] Gie GA, Linder L, Ling RS, Simon JP, Slooff TJ, Timperley AJ. Contained morselized 
allograft in revision total hip arthroplasty. Surgical technique. Orthop Clin North 
Am 1993; 24:717-725. 
www.intechopen.com
Influence of Freeze-Drying and Irradiation 
on Mechanical Properties of Human Cancellous Bone: Application to Impaction Bone Grafting 
 
57 
[100] Dunlop DG, Howie CR, Madabhushi SP, Usmani AS. Factors influencing impacted 
bone strength:  to wash or not to wash? J Bone Joint Surg Br 2000; 82(S1):78. 
[101] Fosse L, Rønningen H, Benum P, Sandven RB. Influence of water and fat content on 
compressive stiffness properties of impacted morsellized bone: an experimental ex 
vivo study on bone pellets. Acta Orthop Scand 2006; 77:15-22.  
[102] Voor MJ, Nawab A, Malkani AL, Ullrich CR. Mechanical properties of compacted 
morselized cancellous bone graft using one-dimensional consolidation testing. J 
Biomech. 2000; 33:1683-8. 
[103] Dunlop D. Impaction bone grafting. A mechanical appraisal with reference to soil 
engineering. In : Ch Delloye and G Bannister (Eds). Impaction bone grafting in 
revision arthroplasty. Marcel Dekker, New York, 2004; 6:57-74. 
[104] Vehmeijer S, Bloem RM. The procurement, processing and preservation of allograft 
bone. In : Ch Delloye and G Bannister (Eds). Impaction bone grafting in revision 
arthroplasty. Marcel Dekker, New York, 2004; 3:23-32. 
[105] Bolland BJ, Partridge K, Tilley S, New AM, Dunlop DG, Oreffo RO. Biological and 
mechanical enhancement of impacted allograft seeded with human bone marrow 
stromal cells: potential clinical role in impaction bone grafting. Regen Med. 2006; 
1:457-67. 
[106] Eldridge JD, Smith EJ, Hubble MJ, Whitehouse SL, Learmonth ID. Massive early 
subsidence following femoral impaction grafting. J Arthroplasty 1997; 12:535-540. 
[107]  Malkani AR, Voor MJ, Fee KA, Bates CS. Femoral component revisions using impacted 
morsellized cancellous graft. J Bone Joint Surg Br. 1996; 78:973-978. 
[108]  Cornu O, Bavadekar A, Godts B, Van Tomme J, Delloye C, Banse X. Impaction bone 
grafting with freeze-dried irradiated bone. Part I. Femoral implant stability: 
cadaver experiments in a hip simulator. Acta Orthop Scand. 2003; 74:547-52. 
[109]  Godts B, Bavadekar A, Cornu O, Verhelpen M, Delloye Ch. Comparative dynamic 
loading of paired femurs. Comparison of freeze-dried versus fresh-frozen bone 
allografts. In : Ch Delloye and G Bannister (Eds). Impaction bone grafting in 
revision arthroplasty. Marcel Dekker, New York, 2004; 12:157-176. 
[110] Taylor M, Tanner KE. Fatigue failure of cancellous bone: a possible cause of implant 
migration and loosening. J Bone Joint Surg Br. 1997; 79:181-182. 
[111]  Ornstein E, Franzen H, Johnsson R, Sundberg M. Radiostereometric analysis in hip 
revision surgery: optimal time for index examination. 6 patients revised with 
impacted allografts and cement followed weekly for 6 weeks. Acta Orthop Scand 
2000; 71:360-364. 
[112] Nivbrant B, Kärrholm J. Increased subsidence of uncemented femoral stems in hip 
revisions with impaction bone grafting. Acta Orthop Scand 1997; 274(S1):79-80. 
[113]  Franzen H, Toksvig-Larsen S, Lidgren L, Önnerfält R. Early migration of femoral 
component revised with impacted cancellous allografts and cement. A preliminary 
report of five patients. J Bone Joint Surg Am. 1995; 77:862-864. 
[114]  Masterson EL, Duncan CP. Subsidence and the cement mantle in femoral impaction 
allografting. Orthopedics 1997; 20:821-822. 
[115]  Schreurs BW, Gardeniers JW, Slooff TJ. Acetabular reconstruction with bone impaction 
grafting: 20 years of experience. Instr Course Lect. 2001; 50:221-8. 
www.intechopen.com
 
Bone Grafting 
 
58
[116]  Leopold SS, Jacobs JJ, Rosenberg AG. Cancellous allograft in revision total hip 
arthroplasty. A clinical review. Clin Orthop Relat Res 2000; 371:86-97. 
[117]  Pekkarinen J, Alho A, Lepisto J, Ylikoski M, Ylinen P, Paavilainen T. Impaction bone 
grafting in revision hip surgery. A high incidence of complications. J Bone Joint 
Surg Br. 2000; 82:103-107. 
[118]  Bolland BJ, New AM, Madabhushi SP, Oreffo RO, Dunlop DG. Vibration-assisted 
bone-graft compaction in impaction bone grafting of the femur. J Bone Joint Surg 
Br. 2007; 89:686-92. 
[119]  Ling RSM. Femoral component revision using impacted morsellized cancellous graft. J 
Bone Joint Surg Br. 1997; 79:874-880. 
[120]  Slooff TJ, Schimmel JW, Buma P. Cemented fixation with bone grafts.Orthop Clin 
North Am. 1993; 24:667-77.  
[121]  Stevenson S. Enhancement of fracture healing with autogenous and allogenic bone 
grafts. Clin Orthop Relat Res 1998; 355:239-246. 
[122]  Ling RS, Timperley AJ, Linder L. Histology of cancellous impaction grafting in the 
femur. A case report. J Bone Joint Surg Br. 1993; 75:693-696. 
[123]  Nelissen RG, Weidenhielm LR, LeGolvan DP, Mikhail WE. Revision hip arthroplasty 
with the use of cement and impaction bone grafting. Histological analysis of four 
cases. J Bone Joint Surg Am. 1995; 77:412-422. 
[124]  Heekin RD, Engh CA, Vinh T. Morselized allograft in acetabular reconstruction. A 
post-mortem retrieval analysis. Clin Orthop Relat Res 1995; 319:184-190. 
[125]  Buma P, Lamerigts N, Schreurs BW, Gardeniers J, Versleyen D, Slooff TJ. Impacted 
graft incorporation after cemented acetabular revision. Histological evaluation in 8 
patients. Acta Orthop Scand 1996; 67:536-540. 
[126]  Ullmark G, Linder L. Histology of the femur after cancellous imaction bone grafting 
using Charnley prosthesis. Arch Orthop Trauma Surg 1998; 117:170-172. 
[127] Whiteside LA, Bicalho PS. Radiologic and histologic analysis of morselised allograft in 
revision total knee replacement. Clin Orthop Relat Res 1998; 357:149-156. 
[128] Linder L, Ling RSM, Gie GA, Timperley AJ. Histological analysis of cancellous 
impaction grafting in the femur: a retrieval study of five human femora. In: 
proceedings Am Acad Orthop Surg, New Orleans, USA 1998:185. 
[129] Tägil M, Aspenberg P. Impaction of cancellous bone grafts impairs osteoconduction in 
titanium chambers in rats. Clin Orthop Relat Res 1998; 352:231-238. 
[130]  Richards RR, Langer F, Halloran P, Gross AE. The antigenic profile of the immune 
skeletal system. Trans Orthop Res Soc 1979; 4:79. 
[131] Tägil M, Aspenberg P. Fibrous tissue armouring increases the mechanical strength of 
an impacted bone graft. Acta Orthop Scand 2001; 72:78-82. 
[132]  Schimmel JW, Buma P, Versleyen D, Huiskes R, Slooff TJ. Acetabular reconstruction 
with impacted morselized cancellous allografts in cemented hip arthroplasty: a 
histological and biomechanical study on the goat. J Arthroplasty. 1998; 13:438-48.  
[133] Linder L. Cancellous impaction bone grafting in the human femur. Acta Orthop Scand 
2000; 71:543-552. 
www.intechopen.com
Bone Grafting
Edited by Dr Alessandro Zorzi
ISBN 978-953-51-0324-0
Hard cover, 214 pages
Publisher InTech
Published online 21, March, 2012
Published in print edition March, 2012
InTech Europe
University Campus STeP Ri 
Slavka Krautzeka 83/A 
51000 Rijeka, Croatia 
Phone: +385 (51) 770 447 
Fax: +385 (51) 686 166
www.intechopen.com
InTech China
Unit 405, Office Block, Hotel Equatorial Shanghai 
No.65, Yan An Road (West), Shanghai, 200040, China 
Phone: +86-21-62489820 
Fax: +86-21-62489821
Bone grafting is the surgical procedure in which new bone (bone graft) or a replacement material (graft
substitute), is placed into bone fractures or bone defects to aid in healing. Bone grafting is in the field of
interest of many surgical specialties, such as: orthopedics, neurosurgery, dentistry, plastic surgery, head and
neck surgery, otolaryngology and others. In common, all these specialties have to handle problems concerning
the lack of bone tissue or impaired fracture healing. There is a myriad of surgical techniques nowadays
involving some kind of bone graft or bone graft substitute. This book gathers authors from different continents,
with different points of view and different experiences with bone grafting. Leading researchers of Asia, America
and Europe have contributed as authors. In this book, the reader can find chapters from the ones on basic
principles, devoted to students, to the ones on research results and description of new techniques, experts will
find very beneficial.
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